Introduction
A perovskite LaCoO3 exhibits variety of physical properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . At low temperature the Co 3+ ion is in the low-spin state (LS; t 6 2ge 0 g, S = 0). Thermal activation of LS state into intermediate-spin state (IS; t 5 2ge1g, S = 1) or high-spin state (HS; t 4 2ge2g, S = 2) is observed in the temperature interval from 40 to 120 K [3] [4] [5] [6] [7] [8] [9] [10] . Korotin et. al . [2] argued that IS state is stabilized by strong 3d(Co)-2p(O) hybridization. Currently, there are plenty experimental works supporting either LS-IS [2] [3] [4] [5] [6] or LS-HS [7] [8] [9] scenario. Co L2,3-edges x-ray magnetic circular dichroism (XMCD) accompanied by theoretical calculations for the CoO6 cluster [9] have shown that the spin-state transition in LaCoO3 can be well described by thermal excitation from LS ground state into a triply degenerated HS state. However, bonds breaking, strains, and oxygen vacancies on the surface can modify spin state of the Co ion [10, 11] . The present experimental work is undertaken to provide an essentially bulk probe of Co spin states by using a hard X-ray XMCD at the Co K-edge.
Experimental
LaCoO3 single crystal (~ 10 mm in diameter and ~10 cm long) were grown by the floating zone method. The sample were cut in pieces and characterized using x-ray diffraction, EXAFS [12] , and superconducting quantum interference device (SQUID) magnetometry. The X-ray absorption near edge spectra (XANES) and X-ray magnetic circular dichroism (XMCD) measurements were performed on beamline ID12 of the European Synchrotron Radiation Facility at Grenoble. All Co Kedge absorption spectra were recorded in total fluorescence yield (TFY) measurements for normal incidence (a backscattering geometry) of the x-ray beam using 98% circularly polarized X-rays. XMCD measurements were performed using 98% circularly polarized x-rays. The signal was recorded from the difference in absorption for parallel and antiparallel alignments of the X-ray helicity pseudovector with respect to an external magnetic field of 17 T, applied along the beam direction. The x-ray helicity and the external magnetic field direction were alternately flipped to minimize experimental artifacts. Six to eight measurements were averaged in order to improve the signal-tonoise ratio.
Results and discussion
The Co K edge absorption and XMCD spectra measured at 5, 25, 60, 120, 150, and 300 K are shown in Fig. 1 . The XANES consists of two areas: the pre-edge (7709-7716 eV) due to a quadruple transition from 1s to unoccupied 3d, and the main edge (7716-7740 eV) due to a dipole transition from 1s to unoccupied 4p -states. The 3d of Co are split into t2g and eg by the crystal field that clearly seen as a doublet P1-P2. Peaks A, B, and C (at ~7720, 7727, and 7738 eV, respectively) are the best described in the formalism of multiple scattering (MS) of the photoelectron in the cluster of 40-60 atoms centered on the Co absorption site: The major peak B is formed by scattering from the first coordination shell comprised of six oxygen atoms. The peaks A and C are shaped by MS of the photoelectron from more distant coordination shells. The Co K-edge XMCD is driven by orbital polarization of unoccupied 4p states coupled to spin polarization of the same 4p by spin-orbit interaction, ξ4р . The spin polarization of 4p occurs due to hybridization of those states with essentially spin-polarized 3d band. The XMCD manifests itself as a week pre-edge doublet and a bi-polar feature (peak "up" at ~7727 eV followed by peak "down" at ~7731 eV) located in vicinity of the major absorption peak B. In the external magnetic field of 17 T the amplitudes of the pre-edge and the bi-polar future do not exceed 10 -3 and 10 -2 of the Co K-edge jump. XMCD signal has been successfully measured due to high signal-to-noise ratio, good stability of the beamline, and accurate energy reference. Contrary to ferromagnetics, metal Co, for instance, where the XMCD signal is given by single peak, the observed bi-polar structure is typical for paramagnetic Co, i.e. Co doped ZnO [13] and antiferromagnetic Co, i.e. Co doped LaMnO3 [14] . Fig. 1 : Co K-edge absorption and temperature-dependent XMCD spectra of LaCoO3 single crystal, measured under external magnetic field of 17 Tesla applied along the incident beam (that is also the caxis). The background was subtracted and the absorption spectrum was normalized to a unit jump at 50-60 eV above the edge. The XMCD is given as a fraction of the absorption edge jump.
By application of a sum rule [15] the integrated K-edge XMCD intensity can be related to the orbital magnetic moment of 4p, <Lz>4p as per one Co atom:
where n4p is the electron count in the 4p, IXMCD and IXANES are the integrated over the range from 7716 to 7750 eV XMCD and XANES signals. The low limit cut off negligible contribution from p-states over the pre-edge. The upper limit aims at separating atomic from continuum contributions. Uncertainties in selection of n4p that were taken equal to 1.0 and selection of the upper integration limit propagates to 20-30% uncertainty in the evaluated <Lz>4p
The obtained orbital moments for all measured temperatures are shown in Fig 2 along with total magnetic moments per Co ion derived from our SQUID magnetization measurements, though in slightly smaller applied field. Clearly, the <Lz>4p following the trend for the total magnetic moment on the Co ion. However, on warming from 25 to 120 K, the orbital magnetic moment of the 4p Co doubles while total magnetic moment of Co increases 10 times. First principle calculations are in order to relate the Co K-edge XMCD results to the orbital and spin moment of 3d Co. 
